The interaction of a gravity wave with a steady uniform current is described in this paper. Numerical calculations of the wave length change by different non-linear wave theories show that errors in the results computed by the linear wave theory are less than 10 percent within the range of 0.15 < d/L s s 0.40, 0.01 < H s /L s < 0.07 and -0.15 < U/C s i 0.30. Numerical calculations of wave height change employing different wave theories show that errors in the results obtained by the linear wave theory in comparison with the non-linear theories are greater when the opposing relative current and wave steepness become larger. However, within range of the following currents such errors will not be significant. These results were verified by model tests. Nomograms for the modification of wave length and wave height by the linear wave theory and Stokes 1 third order theory are presented for a wide range of d/L s , H s /L s and U/C. These nomograms provide the design engineer with a practical guide for estimating wave lengths and heights affected by currents.
ABSTRACT
The interaction of a gravity wave with a steady uniform current is described in this paper. Numerical calculations of the wave length change by different non-linear wave theories show that errors in the results computed by the linear wave theory are less than 10 percent within the range of 0.15 < d/L s s 0.40, 0.01 < H s /L s < 0.07 and -0.15 < U/C s i 0.30. Numerical calculations of wave height change employing different wave theories show that errors in the results obtained by the linear wave theory in comparison with the non-linear theories are greater when the opposing relative current and wave steepness become larger. However, within range of the following currents such errors will not be significant. These results were verified by model tests. Nomograms for the modification of wave length and wave height by the linear wave theory and Stokes 1 third order theory are presented for a wide range of d/L s , H s /L s and U/C. These nomograms provide the design engineer with a practical guide for estimating wave lengths and heights affected by currents.
INTRODUCTION
With increasing human activities in both the coastal and immediate offshore region, the problem of wave-current interaction has been evaluated by a number of researchers. From an engineering practice point of view, the effect of wave current interaction on the wave parameters must be known. Previous research involved different assumptions and considerations. Several researchers employed the linear wave theory combined with the idea of conservation of energy flux (5, 12, 13) , or combined with the idea of conservation of wave action flux (8, 9) ; others employed the non-linear wave theory (6, 15) . The problem concerning the interaction of waves and currents in an inlet has also been studied (3, 7) . Additional research (11, 18) describes the change of velocity distribution due to the interaction of waves with currents.
One purpose of this study was to evaluate the difference between the change in wave parameters when employing either the equation of conservation of wave energy flux or the equation of conservation of wave action flux. The results were evaluated with reference to practical engineering applications. Another purpose of this study was to determine the error in the calculated wave parameter by employing both the linear wave theory and non-linear wave theories (Stokes' third order wave theory was mainly considered). A two-dimensional case was considered and both the following and the opposing currents were analyzed.
THEORETICAL CONSIDERATIONS
Evaluation of change in the wave parameters may be obtained in two steps: a) evaluation of the change in wave length, and b) evaluation of the change in wave height. In both cases, the energy dissipation in wave propagation was neglected.
Change in Wave Length
The linear wave theory was considered first. The influence of nonlinearity of waves is evaluated in the latter part of this section. The wave celerity in the current may be calculated as follows:
where
Equation 1 can be rewritten as t-= U+ T" < 3 > a r
From Equations 1, 2 and 3, the following equation can be obtained
and L = L = , C = C . a a In engineering applications, the value of C = C, is unknown, therefore, the ratio U/C is also unknown. Thus the following formula may be used
Combining equations 6 and 7, the relationship between L/L s with U/C s and k s d can be obtained from
and C C
Change of Wave Height
The process of the interaction of progressive waves with a steady uniform current (the following or the opposing current only) may be evaluated as follows: (a) in the first step only currents and waves propagate separately, (b) in the second step the combined current and waves interact and finally a steady motion of wave-current combination propagates as shown in Figure 1 . If we neglect the change in the current profile because of the wave-current interaction, the current energy flux will remain the same before and after the interaction process.
To-date, two concepts, i.e. the conservation of wave energy flux (12, 13) and the conservation of wave action flux (1, 8) were employed. However, since there is no major difference between the two methods, the principle of conservation of wave action flux was selected for the analysis.
The idea of conservation of wave action flux was first suggested by Garrett and evaluated by Bretherton and Garrett (1). Jonsson (8) described a practical appl ication for the case of interaction of waves with a steady uniform current. In the present case (as shown in Fig. 1 ) the following equation may be used
Equation 7 indicates that the wave action flux before and after interaction must be the same, i.e. is no longer correct. Generally, the error in using this eauation instead of the correct one for non-linear waves will not be greater than 6 percent. Thus as a simplification for the non-linear wave analysis, Equations 12 and 15 may be used and will not produce a significant error. The results by Skjelbreia (14), Tsuchiya and Yasuda (17) were employed in calculating the wave energy. 
Employing Tsuchiya's Method
Wave celerity C.. Table III ; the agreement is considered quite good.
Modification of Wave Height
The results obtained with the linear wave theory (Eauation 17) are shown in Figure 4 r-en oi o><t o 
o o (2) When there is an opposing relative current and the wave steepness is sufficiently large, errors in wave height employing the linear theory will be greater than errors obtained employing the nonlinear theories.
(3) When the relative current velocity U/C increases, the change of wave height by Tsuchiya's theory differs from the above results. Using his method, under deep water conditions the wave height change H/H s increases with the increase of U/C and reaches a peak value, after which the value of H/H s decreases with the increase of U/C. On the average, the difference in the results given by these two methods is within a range of 5 to 7 percent.
Comparison of Numerical Solution Experimentally Obtained Results

CONCLUSIONS
1.
There is no dominant difference in the results obtained for the change of wave length due to the wave-current interaction by using either the linear or the non-linear wave theories. Within the range of 0.15 < d/L s < 0.40, 0.01 < H s /L s < 0.07 and -0.15 < U/C s < 0.30, errors by the linear wave theory are less than 10 percent as compared with the results obtained employing the nonlinear wave theories.
2.
Numerical calculations of wave height change by different wave theories indicate that the errors resulting from the use of the linear wave theory in comparison with errors resulting from the non-linear theories are greater when the opposing relative current and wave steepness both become larger. However, within the range of the following currents such errors will be minimal.
The important factors influencing the change of wave parameter are relative current velocity U/C (or U/C s ), relative water depth d/l_ s and wave steepness H s /L s . The relative current velocity U/C is the most important parameter. In case of the wave-current interaction, not only the wave parameter is changed but also the velocity distribution of steady flow with depth is changed. In this paper the change of steady surface velocity due to wave-current interaction is neglected. This should be considered in further research.
For engineering purposes, the nomogram provided in this paper may be used to estimate the change of wave parameter due to wavecurrent interaction. 
